Retroviral vectors are efficient gene transfer vehicles that deliver transgenes by precise integration into the genome of host cells. This ability has been exploited for many gene delivery applications, including gene therapy. The foamy viruses (FVs) (Spumavirinae) comprise a distinct genus of retroviruses endemic in a number of mammalian species, including nonhuman primates, cats, and cows (24). Despite the name of the prototype spumaretrovirus, human FV, this isolate is now thought to be a chimpanzee virus (4, 21, 51, 61) , and an extensive survey has demonstrated that FVs are not endemic in human populations (62). FV-based vectors have been developed (2, 19, 58, 60, 68, 69) that have several desirable properties. Regarding safety, FVs have not been associated with any pathology (36, 41), humans infected with FVs by exposure to nonhuman primates have not developed any FV-associated disease (20, 41), and human-to-human transmission has never been documented. Replication-defective FV vectors can be produced in the absence of detectable helper virus and at titers sufficient for ex vivo gene therapy applications (67, 69). In addition to safety considerations, FV vectors have a broad host and tissue tropism (22, 24, 43, 58, 78) , and the virions are stable enough for concentration by centrifugation (71), increasing their utility. Finally, FVs have the largest genomes of all retroviruses, and FV vectors can efficiently package up to 9.2 kb of foreign genetic material (67), making them useful for large therapeutic transgenes. FV vectors efficiently transduce murine (71) and human (26, 33, 82) hematopoietic stem cells (HSCs), suggesting that they will be useful for the treatment of blood diseases by ex vivo gene therapy.
Retroviral vectors are efficient gene transfer vehicles that deliver transgenes by precise integration into the genome of host cells. This ability has been exploited for many gene delivery applications, including gene therapy. The foamy viruses (FVs) (Spumavirinae) comprise a distinct genus of retroviruses endemic in a number of mammalian species, including nonhuman primates, cats, and cows (24) . Despite the name of the prototype spumaretrovirus, human FV, this isolate is now thought to be a chimpanzee virus (4, 21, 51, 61) , and an extensive survey has demonstrated that FVs are not endemic in human populations (62) . FV-based vectors have been developed (2, 19, 58, 60, 68, 69) that have several desirable properties. Regarding safety, FVs have not been associated with any pathology (36, 41) , humans infected with FVs by exposure to nonhuman primates have not developed any FV-associated disease (20, 41) , and human-to-human transmission has never been documented. Replication-defective FV vectors can be produced in the absence of detectable helper virus and at titers sufficient for ex vivo gene therapy applications (67, 69) . In addition to safety considerations, FV vectors have a broad host and tissue tropism (22, 24, 43, 58, 78) , and the virions are stable enough for concentration by centrifugation (71) , increasing their utility. Finally, FVs have the largest genomes of all retroviruses, and FV vectors can efficiently package up to 9.2 kb of foreign genetic material (67) , making them useful for large therapeutic transgenes. FV vectors efficiently transduce murine (71) and human (26, 33, 82) hematopoietic stem cells (HSCs), suggesting that they will be useful for the treatment of blood diseases by ex vivo gene therapy.
One limitation of retroviral vectors is their reduced transduction efficiency in quiescent cells. Early studies with oncoviruses defined blocks to infection prior to the completion of reverse transcription in quiescent cells (7, 13, 18, 70) . In the case of murine leukemia virus (MLV), mitosis is required for infection, allowing preintegration complexes to enter the nucleus without traversing the nuclear membrane (35, 57) . Consequently MLV-based vectors require cell proliferation for efficient transduction (45) . Lentiviruses such as human immunodeficiency virus (HIV) can enter the nucleus via redundant mechanisms in the absence of mitosis (reviewed in reference 48) and infect nondividing macrophages and growth-arrested cells in vitro (34, 73) . Thus, HIV vectors transduce quiescent cells more efficiently than MLV vectors (50, 55) , albeit at lower frequencies than those obtained in dividing cells (52; also see below). In addition, low levels of deoxynucleoside triphosphates in quiescent cells can block infection by both MLV (16) and HIV (14, 30, 44, 52) , and although the addition of exogenous nucleosides to quiescent T cells enhances reverse transcription of HIV, it does not rescue productive infection (31) , demonstrating that there are other potential blocks to infection besides nuclear entry. These studies illustrate that both the activation state of the cell and progression through the cell cycle regulate the ability of retroviral vectors to efficiently deliver transgenes.
The replication strategy of FVs differs significantly from those of onco-and lentiviruses (32, 37, 76, 79) and may be relevant to their efficacy as vectors. Reverse transcription of FV genomes occurs in the cells producing virions rather than in infected target cells, so the functional genome is double-stranded DNA (47, 76, 79) . Thus, FV vectors may be more stable than onco-or lentiviral vectors, which must complete reverse transcription in the host cell and depend on host cell nucleotide pools for this to occur. FV vectors transduce contact-inhibited, confluent cell cultures at higher rates than MLV vectors (58) , but a small percentage of proliferating cells are present in these cultures, so the cell cycle requirements for transduction are not clear. Bieniasz et al. (3) demonstrated with wild-type FV that expression of viral proteins requires mitosis. However, this may not be true of vector-encoded transgenes, since simian FV vectors that expressed ␤-galactosidase (␤-Gal) from an internal promoter reportedly transduced cells treated with aphidicolin and arrested at G 1 /S phase (42) . Similarly, Saïb et al. (59) found that both one-long-terminal-repeat (LTR) and two-LTR circles were present in aphidicolin-treated cells, suggesting that FV preintegration complexes can enter the nucleus in the absence of mitosis. Given the importance of cell cycle effects on the use of FV vectors for gene therapy and other applications, we compared the transduction frequencies of onco-, lenti-, and spumavirus vectors containing the same transgene and promoter in cell cycle-arrested human fibroblasts and characterized the specific cell cycle requirements for FV vector transduction.
MATERIALS AND METHODS

Cells.
Human embryonic kidney 293T cells (11) and Phoenix-GP cells (29) were used to generate vector stocks. Rat 208F cells (54) (77) were used for wild-type FV production and titration, respectively. Human CD34 ϩ -mobilized peripheral blood cells were isolated from granulocyte colony-stimulating factor-primed healthy volunteers by leukapheresis under an Institutional Review Board-approved protocol and were purified to Ͼ98% purity by magnetic cell sorting (Miltenyi CliniMacs; Miltenyi Biotec).
Cells were cultured at 37°C in Dulbecco's modified Eagle's medium containing penicillin G sodium (100 IU/ml), streptomycin sulfate (100 IU/ml), amphotericin B (1.25 g/ml), and 10% heat-inactivated fetal bovine serum unless otherwise stated. Human CD34 ϩ cells were cultured in medium with 20% fetal bovine serum and stem cell factor (100 ng/ml), flt-3 ligand (100 ng/ml), and thrombopoietin (Peprotech).
Vector and virus constructs and preparations. The FV vector plasmid pCGPMAP⌬Bel (69) , infectious FV proviral plasmid pHSRV13 (39) , and MLV vector plasmid pLAPSN (8) have been previously described. The HIV vector and helper plasmids pHR'CMVlacZ, pCMV⌬R8.2, and pCMV⌬R8.9 (49, 50, 83) were a gift of Didier Trono (University of Geneva, Geneva, Switzerland). The vesicular stomatitis virus glycoprotein (VSV-G)-expressing plasmid pCI-VSVG was kindly provided by Garry Nolan (Stanford University, Stanford, Calif.). The HIV vector plasmid pHR'cPPTMAP was constructed by replacing the cytomegalovirus promoter and lacZ gene of plasmid pHR'CMVlacZ with the MLV LTR promoter and alkaline phosphatase (AP) gene from pCGPMAP⌬Bel using standard cloning techniques. In addition, the central polypurine tract (cPPT) described by Follenzi et al. (12) was amplified by PCR from pCMV⌬R8.2 and inserted immediately upstream of the internal promoter.
FV-based CGPMAP⌬Bel vector preparations were generated by transient cotransfection of 293T cells with pCGPMAP⌬Bel as previously described (68) . The MLV-based LAPSN vectors were generated by transient cotransfection of Phoenix-GP packaging cells with pLAPSN and pCI-VSVG. HIV vector preparations were generated by three-plasmid cotransfection of 293T cells with pHR'cPPTMAP, pCI-VSVG, and either helper plasmid pCMVR⌬8.2 to generate HIV vectors with accessory genes (HIVϩAcc), or helper plasmid pCMVR⌬8.9 to generate HIV vectors without the accessory genes vif, vpr, vpu, and nef (HIVϪAcc). The MLV and HIV cotransfections were performed as described elsewhere for the FV vector preparations (68) by using 125 g of helper and/or vector plasmid(s) and an additional 31.25 g of pCI-VSVG per three 15-cm-diameter-plate transfections, and vectors were harvested at 48 h posttransfection. All vector preparations were concentrated 60-fold by ultracentrifugation as described previously (68) , resuspended in medium with 0.5% serum, and stored at Ϫ80°C in the presence of 5% dimethyl sulfoxide. The wild-type FV preparation used for LTR circle analysis was prepared by transfection of BHK-21 cells with the infectious FV proviral plasmid pHSRV13 followed by three serial passages of filtered culture supernatants (filter pore size, 0.45 m) on BHK-21 cells and concentration by ultracentrifugation. Wild-type FV was used fresh (not frozen).
All vector stocks were titrated by infecting dividing MHF2 cultures and staining for AP expression as described previously (68) , except that for human CD34 ϩ cells the solution changes were performed by centrifugation of the cells at 2,000 ϫ g for 5 min and removal of the supernatant by aspiration (23) . Polybrene (hexadimethrine bromide; Sigma) was added to a final concentration of 4 g/ml immediately before MLV and HIV vector infection of human fibroblasts. Polybrene was not necessary for FV vector transduction (58) and did not affect the relative transduction frequencies of stationary and dividing cells (data not shown). Transduction of CD34 ϩ cells was carried out on fibronectin fragment CH296 (Retronectin)-treated plates prepared as described previously (68) . Wildtype FV was titrated on FAB indicator cells as described previously (68) .
Determination of DNA content and BrdU incorporation. For DNA content analysis, cells were stained with propidium iodide as described previously (80) and analyzed by flow cytometry using a Becton Dickinson Facstar. For bromodeoxyuridine (BrdU) analysis, cells were analyzed using the Cell Proliferation kit (catalog no. RPN20) from Amersham Biosciences (Piscataway, N.J.) according to the manufacturer's directions, except cells were fixed in acid-ethanol fixative (90% ethanol, 5% glacial acetic acid, and 5% H 2 O [vol/vol]) for 10 min, the primary antibody-nuclease treatment was reduced to 30 min, and 3,3Ј-diaminobenzidine was purchased from Sigma (catalog no. D5905) and used without substrate intensifier to yield a brown-orange nuclear stain that contrasted with the purple histochemical staining of AP. For BrdU-AP double staining experiments, staining for AP expression was performed after the BrdU staining as previously described (68) . To calculate the number of unlabeled nuclei following BrdU staining, unstained cell nuclei were detected by incubating the cells in 4Ј,6-diamidino-2-phenylindole (DAPI) (2 g/ml) in Dulbecco's phosphate-buffered saline at 4°C and viewing under UV illumination. The percentage of BrdUstained cells in the culture was determined in Ͼ500 cells in multiple fields per sample.
Transduction of serum-deprived and dividing cultures. To generate quiescent serum-deprived normal human fibroblast cultures, 2.5 ϫ 10 5 MHF2 cells were plated per well in six-well tissue culture plates and cultured overnight. The following morning the medium was replaced and the cultures were grown an additional 4 days until they were confluent, at which time the concentration in serum was reduced to 0.5% for 4 days before transduction. For dividing MHF2 cultures, cells were arrested as explained above and then plated in six-well dishes at 2.5 ϫ 10 5 /ml per well 16 h before transduction. The MLV, FV, and HIV vectors were added to stationary MHF2 cells at multiplicities of infection (MOIs) of 0.01 and 0.001 and to dividing cells at a MOI of 0.001.
To determine whether transduced cells had undergone DNA synthesis using the BrdU-AP double stain, quiescent MHF2 cells were prepared as described Transduction during partial cell cycles. To investigate the transduction of cells that did not traverse mitosis, 1.5 ϫ 10 5 MHF2 cells were plated per well in 12-well plates and allowed to attach for 8 h, aphidicolin was then added at 5 g/ml, and vector was added 20 h later at an MOI of 0.01. For the S-cycle treatment, cells were washed 4 h after vector administration and then cultured without aphidicolin. For the S-G 2 ␥ treatment cells were washed 4 h after vector administration and then were cultured without aphidicolin and treated with 40 Gy of ␥-irradiation 3 h later. For the S-G 2 ␥ treatment, cells were treated with 40 Gy of ␥-irradiation 1 h before vector administration and then were washed 4 h after vector administration and cultured without aphidicolin. For the arrested treatment, cells were washed in medium with aphidicolin (5 g/ml) 4 h after vector administration and then cultured in medium with aphidicolin (5 g/ml).
To investigate the transduction of cells that did not traverse S phase, MHF2 cells were synchronized by using the method of Tobey et al. (66) . A total of 1.5 ϫ 10 5 MHF2 cells were plated per well in 12-well plates and cultured in minimal essential medium ␣ with 0.1% serum for 48 h, followed by culture for 24 h in medium with 10% serum and aphidicolin (5 g/ml) to synchronize the cells at the G 1 /S border at time zero. For the S-cycle treatment vector was added at time zero and cells were cultured without aphidicolin until AP staining at 45 h postinfection. For the M-cycle treatment vector was added at 9 h and cells were cultured without aphidicolin until AP staining at 36 h postinfection. For the S-G 2 -M-G 1 treatment vector was added at time zero and at 9 h the medium was changed to aphidicolin (5 g/ml) until AP staining at 45 h postinfection. For the G 2 -M-G 1 treatment, vector was added at 9 h and cells were cultured in aphidicolin (5 g/ml) until AP staining at 36 h postinfection. For all treatments FV vector was added at MOIs of 0.001 and 0.01 g/ml.
Transduction after resuming cell proliferation. To assess the persistence of transduction intermediates in quiescent cultures, serum-deprived and dividing MHF2 cultures were prepared in six-well plates as described above. Two days after vector addition, cultures were washed with Dulbecco's phosphate-buffered saline and either replated (see below) or maintained in medium with 0.5% serum. At 2, 4, 6, or 10 days after vector addition, cells were dissociated with trypsin and replated into 10-cm-diameter dishes in medium with 10% serum, then stained for AP expression 2 days later.
Analysis of LTR circles. Concentrated vector and virus preparations were extracted with phenol-chloroform and precipitated with ethanol. DNA representing either 10 6 transducing units of vector or 5 ϫ 10 5 wild-type FV units was digested with restriction enzymes and analyzed by Southern blotting with a 686-nucleotide (nt) probe corresponding to nt 315 to 1000 of the FV Gag open reading frame.
RESULTS
Transduction of serum-deprived normal human fibroblasts.
To compare transduction properties of vectors derived from the onco-, lenti-, and spumaviruses, we used three vectors that express a placental AP reporter gene (Fig. 1) . The MLV vector LAPSN and the HIV vector HR'cPPTMAP were pseudotyped with the VSV-G envelope, and the FV vector CGPMAP⌬Bel used the FV envelope. Both the VSV-G and FV envelopes allow for concentration of vector preparations by ultracentrifugation (6, 71) . The HIV vector was prepared with (HIVϩAcc) and without (HIVϪAcc) the accessory genes vif, vpr, vpu, and nef. The cPPT and central termination sequence (CTS) were included in the HIV vector to enhance transduction of both dividing and quiescent cells (12, 81) . The vectors used were all replication-incompetent, and did not express viral gene products. The AP gene was expressed from the MLV LTR promoter in all three vector types, which was located Each vector type was used to transduce serum-deprived and dividing normal human fibroblast cultures. In these experiments, BrdU was added to duplicate cultures 16 h prior to vector addition and was present throughout the 48 h transduction period to determine the percentage of cells that underwent DNA synthesis just prior to, and during the transduction period. Within this 64 h period, 3.7% of cells in serum-deprived cultures had undergone DNA synthesis, compared to 89% in dividing cultures (data not shown). Propidium iodide staining confirmed that the serum-deprived cultures were quiescent, with 1.2% of cells containing an intermediate DNA content indicative of DNA synthesis ( Fig. 2A) . For each vector the transduction frequencies in stationary and dividing cultures were expressed as ratios (S/D ratio; Fig. 2B ). The S/D ratios were compared using Student's t test and the ability of the MLV vector to transduce serum-deprived cultures was significantly lower than that of the FV vector (P ϭ 0.025) and the HIV vector with accessory proteins (P ϭ 0.024). The HIV accessory proteins did not significantly affect the S/D transduction ratio. These data demonstrate that all three vector types preferentially transduce dividing cultures, but the preference is most pronounced for MLV vectors. In addition, the S/D ratios were similar to what one might expect if only dividing cells present in the serum-deprived cultures had been transduced.
Single-cell analysis of serum-deprived fibroblast cultures transduced by FV vectors. To determine which cells in the serum-deprived cultures had been transduced by FV vectors, BrdU was added 16 h before vector addition and maintained throughout the transduction period to detect cells that had undergone DNA synthesis (Fig. 3A to C) . When these cultures were stained both for AP expression and BrdU incorporation, every AP ϩ fibroblast identified with a distinct nucleus in three separate experiments had also incorporated BrdU (654 of 654 cells). This experiment was also performed on quiescent rat 208F fibroblasts, which have a morphology that allows facile determination of BrdU and AP staining (Fig. 3D to F) . In these cultures 10.2% of cells underwent S phase during the 64 h transduction period based on BrdU uptake (data not shown). Once again, every AP ϩ 208F cell identified in three independent experiments had also incorporated BrdU (277 of 277 cells). Thus, the cells transduced by FV vectors in stationary cultures are actually a subset that underwent DNA synthesis and possibly other cell cycle phases.
FV vectors do not transduce G 1 /S or G 2 arrested cells. We also compared the transduction of cells arrested by means other than serum deprivation. Aphidicolin is a reversible inhibitor of DNA polymerases ␣, ␦, and ε, arresting cells in S phase or at the G 1 /S boundary (25) . ␥-Irradiation damages DNA and causes cell cycle arrest in G 2 (74, 75) . Normal human fibroblasts were either treated with aphidicolin (5 g/ml) or irradiated with 40 Gy of ␥-irradiation 24 h before infection with vectors. Under these conditions transduction by FV or MLV vectors was almost completely eliminated, while the HIV vectors still transduced a significant proportion of cells (Table  1) . We also investigated the transduction of human CD34 ϩ cells, a population enriched for HSCs and an important target for gene therapy. As with fibroblasts, transduction of aphidicolin-arrested CD34 ϩ cells by FV and MLV vectors was significantly reduced in comparison to that by HIV vectors (Table  1) .
Since HIV vectors have been shown to express transgenes as episomes (17, 50) , we established that transduction was due to integrated vector proviruses by using an integrase-deficient HIV vector preparation, which transduced arrested fibroblast cultures at much lower rates (data not shown). These results confirm previous studies demonstrating that MLV vectors require mitosis for transduction (45, 57) , while HIV vectors do not (50, 55) , and they suggest that FV vectors may resemble MLV vectors in this regard.
A partial cell cycle that includes mitosis but not DNA synthesis is sufficient for transduction with FV vectors. To determine if mitosis was required for transduction by FV vectors, human fibroblasts were allowed to progress through partial cell cycles that included or lacked mitosis during the transduction period (Fig. 4) . Cells were first synchronized at the G 1 /S border with aphidicolin, exposed to vector, and then released from aphidicolin block and either allowed to continue through all phases of the cell cycle (S-cycle) or arrested at G 2 prior to mitosis by irradiation before or after vector addition (S-G 2 ␥ or ␥ S-G 2 ). In addition, control cultures were maintained in aphidicolin throughout the transduction period (Arrested). In this assay both MLV and FV vectors were unable to transduce cells in cultures that did not pass through mitosis, despite the fact that DNA synthesis occurred in approximately one-third of the cells in both the S-G 2 ␥ and ␥ S-G 2 cultures as determined by BrdU incorporation. HIV vectors transduced cells at similar rates in all culture conditions. We next tested whether FV vector transduction could occur in cells that traversed a partial cell cycle that included mitosis but not DNA synthesis (Fig. 5 ). For this experiment human fibroblasts were synchronized at the G 1 /S border with aphidicolin, then released from the cell cycle block and exposed to vector before or after the next S phase. Under these conditions on October 1, 2017 by guest http://jvi.asm.org/ 51% of the human fibroblasts progress through S phase within 9 h of removing aphidicolin as determined by BrdU incorporation (data not shown). For the S-G 2 -M-G 1 and S-cycle treatments, vector was added at the time of release from aphidicolin block. For the G 2 -M-G 1 and M-cycle treatments vector was added 9 h later when 13% of cells remained in S phase based on propidium iodide analysis (data not shown). Aphidicolin was added to the medium in the G 2 -M-G 1 or S-G 2 -M-G 1 treatments from 9 h after aphidicolin release to the end of the transduction period (45 h), so that no additional DNA synthesis would occur. BrdU staining showed that there was no DNA synthesis (0%) in these cultures following aphidicolin treatment. The S-cycle and M-cycle treatments were allowed to continue through subsequent phases of the cell cycle. Transduction by MLV and FV vectors occurred at about 10% of the rate for cycling cells (S-cycle) when cells traversed only the G 2 -M-G 1 portion of the cell cycle. This demonstrates that a partial cell cycle that includes mitosis but not DNA synthesis is sufficient for transduction by FV vectors. Taken together the experiments in Fig. 4 and 5 show that mitosis is required and likely sufficient for transduction with FV vectors as G 1 and G 2 are not expected to play an essential role. Although transduction was increased for all vectors in the S-G 2 -M-G 1 and S-cycle treatment groups compared to that for those in G 2 -M-G 1 and M-cycle treatment groups, respectively, this does not necessarily indicate that S phase increased transduction frequencies. It may simply reflect the earlier addition of vector in S-G 2 -M-G 1 and S-cycle groups.
Both FV vector and wild-type FV preparations contain LTR circles. We next sought to determine whether FV vectors were able to enter the nuclei of cell cycle-arrested cells or if this required mitosis, as in the case of MLV (57) . Circular DNA molecules containing one or two LTRs are by-products of retroviral infection, and their presence correlates with nuclear entry, although the basis for this correlation has not been determined (9) . LTR circles have been widely used as a marker for nuclear entry of many retroviruses including FVs (59) . We detected LTR circles in aphidicolin-arrested cells infected with FV vectors, but they were also present in control samples spiked with vector stock during DNA isolation (data not shown), suggesting that these forms exist in vector particles before they infect cells. To confirm that LTR circles were present in vector preparations, DNA was purified directly from a vector stock by phenol-chloroform extraction and ethanol precipitation, digested with restriction enzymes, and analyzed by Southern blotting (Fig. 6) . The FV vector preparation contained DNA fragments of the predicted size for one-LTR circles, in addition to the expected linear cDNA genomes. Similarly, DNA purified from a wild-type FV stock contained fragments consistent with both one-and two-LTR circles. Thus, LTR circles are present in FV vector and wild-type FV particles, and are not reliable markers of nuclear entry.
Persistence of transduction intermediates in quiescent cells. We hypothesized that greater stability of FV vector genomes in quiescent cells could explain why FV vectors transduce serumdeprived cultures more efficiently than MLV vectors, despite the requirement for mitosis. The transduction of serum-deprived fibroblast cultures that were later stimulated to divide was examined to assess the stability of FV, MLV, and HIV transduction intermediates. We first confirmed by BrdU analysis that these cultures remain quiescent for up to 16 days, the longest time point tested, with 1.5% of the cells undergoing DNA synthesis during a 64-h period after 16 days of serum deprivation. Cultures were maintained under serum deprivation for 2, 4, 6, and 10 days after vector exposure and then were stimulated to divide by replating in larger wells and increasing the serum concentration from 0.5 to 10%. Forty-eight hours later the cells were stained for AP expression and compared with transduced dividing cultures (Fig. 7) . In contrast to the MLV vector, the FV and HIV vectors efficiently transduced cells that were released from cell cycle arrest up to 10 days after vector exposure, the longest time point tested. Given that both FV and MLV vectors require mitosis for transduction, this suggests that a transduction intermediate of the FV vector is stable in quiescent cells for at least 10 days, while the analogous MLV vector intermediate survives less than 2 days.
DISCUSSION
In this report we compared the cell cycle requirements for transduction by FV, MLV, and HIV vectors expressing the same transgene from the same promoter in normal human cells. Although prior studies have focused on the effects of cell proliferation on retroviral life cycles, ours is the first direct comparison of vectors from all three classes of retroviruses: oncoviruses, lentiviruses, and spumaviruses. We find that MLV vectors require mitosis for transduction and HIV vectors do not, consistent with earlier results (45, 50, 55, 57) . FV vectors have distinct requirements for transduction in that a partial cell cycle including mitosis is ultimately required for transgene expression, but a transduction intermediate is stable and persists in nondividing cells.
Our finding that mitosis is a critical phase in the cell cycle for FV transduction confirms those of Bieniasz et al. (3) , who showed that G 1 /S or G 2 arrest blocked FV protein expression in infected cells. In addition, we can rule out indirect cell cycle effects that might act through the FV transactivator required for viral gene expression, since we measured transactivator- FIG. 7 . Transduction after release from serum deprivation. Retroviral vectors were added to confluent, serum-deprived human fibroblasts, and 2, 4, 6, or 10 days later (days before release) the cells were stimulated to divide by replating in larger wells and increasing the concentration in serum from 0.5 to 10%. Forty-eight hours after replating, AP staining was performed; the number of AP ϩ foci in released cultures divided by the number of AP foci in dividing cultures (R/D ratio) is reported for three independent experiments with standard errors (error bars).
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on October 1, 2017 by guest http://jvi.asm.org/ independent transgene expression from an internal promoter. We also confirm earlier observations that FV vectors infect quiescent cultures more efficiently than MLV vectors do (58) but show that this is due to transduction over time of the subpopulation of cycling cells present in the culture. Our results conflict with a prior study that concluded that simian FV vectors can efficiently transduce aphidicolin-treated cells (42) ; however, an alternative interpretation of the data may explain these differences. In the simian FV vector study, the ␤-Gal transgene was only detected in aphidicolin-treated cells when high vector MOIs were used, and stable expression was observed if arrested cells were allowed to divide after infection.
Transfer of ␤-Gal protein present in the vector preparation could have produced ␤-Gal ϩ cells at high MOIs in a process of pseudotransduction (1, 38) , and stable expression could have been due to transduction of cycling cells after the cultures were released from cell cycle arrest, as we observed in our experiments. Thus, while we cannot rule out strain-specific differences of the vector systems used, it is likely that simian FV vectors also require mitosis for transduction.
MLV vectors require mitosis for nuclear entry and thus transduction (57) , while lentiviral vectors can enter using nuclear localization signals in nonmitotic cells (5, 53) . Although our data demonstrate that mitosis is important for FV vector transduction, we could not attribute this to nuclear entry, since the LTR circles often used as nuclear markers were present in FV vector preparations. This is not unexpected as FV virions contain DNA genomes formed by reverse transcription before cellular entry (47, 79) . One-LTR circles are thought to form by homologous recombination of retroviral cDNAs (15, 63) or from an intermediate in reverse transcription (10, 27) , and two-LTR circles are thought to arise by direct ligation of cDNA ends (28, 64) . Retroviruses are known to package cellular proteins nonspecifically, and DNA ligase activity has been demonstrated in virions (65) , so these steps may occur in extracellular FV virions that contain cDNAs or before virions are released from cells. Given that a prior study detected FV LTR circles by PCR in aphidicolin-arrested but not serum-deprived cultures (59) , this issue needs to be addressed further with additional experiments and by other methods. It is possible that FV vectors use distinct mechanisms to enter the nucleus, as both the viral genome and Gag proteins accumulate near the centrosome (59) .
Although both FV and HIV vectors efficiently transduced serum-deprived fibroblasts that were later stimulated to divide, this presumably occurred by different mechanisms. In the case of FV vectors, transgene expression requires mitosis, so a stable intermediate must persist for at least 10 days until the majority of cells in the culture resume cell division. This is likely due to the fact that the FV vector completes reverse transcription before cellular entry, so unlike MLV vectors, the FV vector has no dependency on cellular nucleotide pools for DNA synthesis, and no potentially unstable RNA genome is exposed to the intracellular environment. In the case of HIV vectors, nuclear entry of the RNA genome in the absence of mitosis may provide improved stability relative to MLV vectors. However, despite nuclear entry, efficient transduction by HIV vectors did not occur in serum-deprived cultures, perhaps due to the inadequacy of nucleotide pools for reverse transcription. Similar results were obtained by Naldini et al. (50) , who demonstrated that as fibroblasts were maintained under low-serum conditions for longer times and division rates presumably decreased, transduction frequencies were reduced.
Our findings have implications for the use of FV vectors in gene therapy applications. The persistence of FV vectors in G 0 cells suggests that they are well-suited for the transduction of quiescent stem cells that divide later on and may explain why FV vectors transduce human HSCs efficiently when assayed in immunodeficient mice (26, 33, 46) . However, FV vectors may not work well in nondividing cell types that remain quiescent, such as postmitotic myotubes or neurons. Our comparison of all three classes of retroviral vectors suggests that FV vectors may be the best choice for ex vivo stem cell gene therapy, as they were equal to HIV vectors and superior to MLV vectors in their ability to transduce transiently quiescent cells and they lack safety concerns associated with wild-type MLV and HIV. Further studies will be needed to directly compare all three classes of vectors in preclinical gene therapy experiments and to define the nature of the stable FV vector transduction intermediate in quiescent cells.
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